Objective: To use EEG-fMRI to determine which structures are critically involved in the generation of paroxysmal fast activity (PFA) and slow spike and wave (SSW) (1.5-2.5 Hz), the characteristic interictal discharges of Lennox-Gastaut syndrome (LGS).
Lennox-Gastaut syndrome (LGS) is a severe childhood-onset epilepsy syndrome. 1 The generalized seizures of LGS include tonic, tonic-clonic, and atypical absences, while the characteristic and defining interictal discharges are generalized paroxysmal fast activity (PFA) and slow spike and wave (SSW) (1.5-2.5 Hz). Most patients have intellectual disability. [2] [3] [4] The generalized nature of the electroclinical features associated with this syndrome has suggested it may be secondary to diffuse brain pathologies. However, in a proportion of patients, a structural abnormality is identified that may be causative. 5 The underlying networks involved in the generation of these epileptiform events are poorly understood-knowledge that is essential to further the neurobiological understanding and practical classification of such cases.
The simultaneous measurement of EEG and fMRI has a demonstrated ability to advance the understanding of brain regions involved in interictal epileptiform activity. 6, 7 EEG-fMRI studies have identified changes in blood oxygen level-dependent (BOLD) contrast related to focal [8] [9] [10] [11] [12] and generalized epileptiform activity. [13] [14] [15] [16] [17] [18] We studied a cohort of patients with EEG-fMRI at high field (3 tesla), seeking to characterize the patterns of BOLD signal changes associated with the 2 interictal discharges that are characteristic for LGS (SSW and PFA) in order to investigate the following: 1) the spatial extent of cortical brain activity changes (both increases and decreases) associated with each of those 2 types of discharges (PFA and SSW); and 2) the extent of involvement of thalamic and other subcortical structures, including brainstem, in each of these discharge types. Standard protocol approvals, registrations, and patient consents. The study was approved by the Austin Health Human Research Ethics Committee, and informed written consent was obtained from all patients and, when appointed, their legal guardian. All patients were able to understand and cooperate with the imaging and simultaneous EEG procedures. EEG recording. EEG and MRI were performed as described in our previous studies. 15, 20 No sedatives were administered for the procedure. Recording was in the "10-20" format. EEG was acquired using our in-house system. Magnetic resonance gradient artifacts were removed from the EEG signal offline, and ballistocardiogram and movement artifacts were reduced using head-movement detection coils. 21 Real-time display, filtering, and recording were performed using software developed in-house. The entire recording was conducted without activation procedures, and patients were encouraged to sleep. MRI acquisitions. fMRI data were obtained using a 3-tesla GE Signa LX whole-body scanner (General Electric, Milwaukee, WI) with continuous acquisition of gradient-recalled echo planar image volumes (repetition time 5 3,200 milliseconds, echo time 5 40 milliseconds, flip angle 5 80°with axial oblique slices 3.2 mm thick 1 0.2-mm gap, 22-cm field of view, 64 3 64 matrix). Conventional 3tesla structural T1 and T2 images were acquired in all cases. Data analysis. EEG. Prior EEGs from routine and long-term VEM records were available for comparison of morphology and field distribution of interictal epileptiform discharges (IEDs). The EEG was analyzed offline independently by 2 experienced EEG reviewers (N.P., D.F.) and then together for consensus for acceptance or rejection of IEDs. The EEG was reviewed in bipolar and referential montages. The IEDs were categorized into SSW, PFA, and focal IEDs to allow separate fMRI event-related activation maps.
Electrographic and clinical seizure events identified on the EEG were also marked but treated as events of no interest for the purposes of this analysis. Events with significant motion, as measured with our highly sensitive in-house motion coils, 21 were also excluded to avoid contamination of activation maps by motion artifact. fMRI analysis. fMRI data were preprocessed and analyzed using Statistical Parametric Mapping (SPM)8b (http://www.fil. ion.ucl.ac.uk/spm/software/spm8b/). Data preprocessing was performed, 22 and motion was modeled. 23 We formed 24 regressors using a truncated Volterra expansion of the motion parameters 24 -specifically, linear and quadratic terms of the 6 motion parameters in both the current and previous scans. Spatial smoothing was with a 6-mm isotropic Gaussian kernel for individual studies and 8 mm for group analysis. We used standard fMRI event-related analysis, with the annotations on the study EEG used to determine onset and duration of events. The SPM hemodynamic response function was used to model event-related BOLD signal changes. Regional increases and decreases in BOLD signal changes associated with epileptiform events were determined using 1-tailed t tests. Individual voxels were thresholded at p , 0.01 (uncorrected), and clusters of voxels were identified in the SPMs when their extent size was significant at a threshold of p , 0.025 with a correction for multiple comparisons (equivalent to p , 0.05, 2-tailed).
Penetrance maps. These were constructed by overlaying all results from the group. The color scale represents how many of the subjects had activation above the threshold p value. For example, all subjects showing above-threshold positive values would be yellow, all subjects showing above-threshold negative values green. This approach shows areas of activation frequently seen in the group, although it is not a formal statistical approach.
RESULTS Subjects. Epilepsy onset was before 8 years of age in 10 of 13 cases (table). All 13 patients had tonic seizures on history and 11 had documented tonic seizures on routine EEG or VEM. All patients were intellectually disabled, and despite this, tolerated the study remarkably well, usually falling asleep in the scanner. Nine patients completed the 1-hour EEG-fMRI scan, and 3 more tolerated more than 30 minutes of the EEG-fMRI scan.
Structural abnormalities. In 10 patients (77%), MRI was abnormal (malformations of cortical development [MCD] in 5). The lesions in this group varied greatly considering the similar epilepsy phenotype. Focal developmental and traumatic lesions were common (figure 1, A-C). In patients 1 and 3, we found clear structural lesions that had not been previously identified, an important consideration in older patients with spoiled gradient-echo imaging who may not have been imaged in their early years, and who were subsequently institutionalized and conservatively managed.
Interictal discharges. A total of 21 datasets were obtained from the 13 patients: some had more than one type of epileptiform discharge (see table) . Most patients had 1 or 2 IED categories recognized during their EEG-fMRI studies. Six patients had PFA recorded for analysis and 9 had SSWs (table). Focal or multifocal sharp waves were identified in 2 patients. For each subject, we calculated the total time in the study during which epileptiform events were seen. This was done by measuring the duration of each event marked in the EEG and adding all these times Abbreviations: ATL 5 anterior temporal lobectomy; CC 5 corpus callosotomy; GTC 5 generalized tonic-clonic; HIE 5 hypoxic ischemic encephalopathy; MCD 5 malformations of cortical development; PFA 5 paroxysmal fast activity; SSW 5 slow spike and wave; TBI 5 traumatic brain injury; VEM 5 video EEG monitoring. a The discharge types recorded simultaneous with fMRI (last column) are shown. The number given in seconds is the sum of the length of all individual epileptiform events recorded during the EEG. This reflects the power of the study and provides a guide for interpretation of the robustness of the result. Individual events are typically short discharges on the order of a few seconds and relate to this result by how frequently they occurred.
together. A study with frequent events has many seconds of events in the analysis, and a study with infrequent events may only have a few seconds of data in which epileptiform activity occurred (table; also listed in the figures).
Paroxysmal fast activity. In all 6 patients with PFA, the cortical BOLD signal change was almost exclusively positive. The penetrance map shows the distribution of this activation (figure 2A; individual cases are shown in figure e-1 on the Neurology ® Web site at www.neurology.org). PFA-related BOLD increases predominately affected broad cortical "association" areas in the frontal, parietal occipital, and temporal lobes but appeared not to involve the primary cortices. In 5 of these 6 PFA datasets, there was BOLD signal increase in the thalamus. Increased BOLD signal in the caudate and basal ganglia was also observed in 5 of 6 patients. When the pattern was unilateral or had a lateralized emphasis, the lateralization of the PFA and BOLD signal change correlated with the side of anatomical lesions, and the side of maximal thalamic involvement correlated with the side of maximal cortical changes.
The brainstem showed increased BOLD signals at subcollicular level in 4 of the 6 patients with PFA. Cerebellar activation was seen in the majority of subjects (5 of 6).
Good samples of both PFA as well as SSW were recorded in 2 subjects, and both of these individuals demonstrate the essential features of the pattern seen in the whole group ( figure 3) . Unlike PFA, the cortical pattern in SSW was variable (figure e-2). Part of this is likely attributable to a limited amount of data (patients 9, 10, 13). Patients 6, 7, and 8 had weak activations that were difficult to interpret. Patients 1, 2, and 5 had strong activations that are best interpreted by reference to the penetrance map (figure 2). This shows that deactivation tended to be in primary cortical areas (motor, visual, and auditory) and midline parietal cortex. There were scattered positive activations in other areas of cortex, particularly some areas of frontal cortex. BOLD signal changes in the thalamus were present in 4 patients. These were bilaterally positive in 2 (patients 1 and 5), bilaterally negative in one (patient 6), and positive changes on one side and negative changes on the other in one (patient 2).
There was reduced BOLD activity in the caudate in 4 patients and this is well seen in the penetrance map (figure 2). The brainstem showed BOLD signal change at subcollicular level in 4 patients (increased in 2 and decreased in 2).
Focal and lateralized discharges. Focal IEDs were recorded in 2 patients (patients 4 and 11 shown in figure e-2). Two independent foci were recorded in patient 4 (one right and one left). The focal discharges were associated with cortical activations that were concordant with the site of IEDs.
Two patients had prior corpus callosotomy (patients 4 and 11, figure 4 ). In these patients, PFA discharges variably showed a right-or left-hemisphere emphasis. These lateralized PFA discharges correspondingly produced a lateralized recruitment of the network we have described above. DISCUSSION The chief finding in our study is that PFA and SSW (the 2 defining electrographic features of LGS) have distinctive and markedly different patterns of cortical and subcortical BOLD signal changes. PFA shows a distinctive, diffuse, and consistent "activation" of many parts of the brain, particularly in association cortex (figure 2).
PFA shows activation across broad areas of cortex, but appears to spare the primary cortices. PFA shows increased BOLD signal in a number of subcortical structures including the thalamus, basal ganglia, and brainstem, all known to have broad connections to the "association cortices." This observation of activation in many areas associated with association cortex and its subcortical system, but excluding primary cortex, has led us to call the network activation that we see in PFA "diffuse association network activation" (DANA). Furthermore, in most cases, differences in the left/right or anterior/posterior emphasis of the scalp discharges were reflected in the proportional left/right or anterior/posterior recruitment of this diffuse network.
For low-voltage fast activity (PFA) to be visible diffusely across the scalp EEG, there needs to be extensive "near-surface" cortical generation of this synchronous activity. 25, 26 The filtering effects of the scalp mean that faster frequencies will only be detected when their source is close to the recording electrodes. Consistent with cortical generation of the EEG discharges, we found that widespread PFA correlates with intense and widespread cortical BOLD signal increase. This differs from the activation along with deactivation patterns hitherto described in genetic generalized epilepsy (GGE) and focal epilepsies. [13] [14] [15] [16] 20, [27] [28] [29] These discharges were not associated with movement as measured by our sensitive motion coils, which record even tiny in-magnet movements. Our findings show some difference to a recent study of LGS, 18 although this may be attributable to a difference in the IED classification as well as in the cohorts studied. That study reported that there was no consistent pattern associated with "polyspike" (the category they used that included PFA); however, they used a second-order group analysis on a small sample size, and this may have affected their interpretation. We did not attempt a second-order analysis because we were aware that we had insufficient data for that methodology, and instead chose the nonparametric penetrance map that leads us to identify a clear common pattern across our cohort. Using that method, we noted prominent thalamic activation associated with PFA. Siniatchkin et al. 18 also found thalamic activation when they combined all IED categories (PFA and SSW), an approach that may have obscured the cortical changes we observed, which differ between the 2 discharge types. We acknowledge that we studied these patients as adults, after many years of seizures, which may have affected the activation patterns. In PFA, we found basal ganglia (including caudate) and brainstem BOLD signal increase, and again the previous study also reported brainstem activation with combined event categories. 18 It has been suggested that the combination of brainstem and thalamic activation may represent a common pathogenetic pathway from infantile spasms to LGS. 18 Our results also imply that a distributed cortical network may be required for the rapid, highfrequency synchronization required to generate PFA. This DANA network differs from the network reported in generalized spike-and-wave discharges of GGE, where those discharges are typically accompanied by a decrease in BOLD signal in the caudate nuclei and brainstem. 15, 16, 20, 27 SSW generated a clearly different pattern of BOLD signal change than PFA. The SSW pattern of deactivation in the posterior cingulate and precuneus also differs from the changes previously reported in the typical spike and wave of GGE. [13] [14] [15] [16] [29] [30] [31] LGS is more irregular and asymmetrical and often less rhythmic and sustained compared with typical 3-Hz spike-wave discharges. While the overall EEG appearance of SSW may give an impression of homogeneous widespread generalized cortical activity, the inconsistent and patchy activations in our cases may reflect these wellknown irregular EEG findings. SSW differed from typical generalized spike and wave (GSW) 15, 27, 29 in Different patterns of PFA and SSW events in the same individuals EEG-fMRI findings from the 2 patients in whom robust activation maps of both PFA and SSW were obtained. The number given in seconds in the figure is the sum of the length of all individual epileptiform events recorded during the EEG. This reflects the power of the study and provides a guide for interpretation of the robustness of the result. Individual events are typically short discharges on the order of a few seconds. This demonstrates that PFA and SSW are associated with these distinctive activation patterns (see figure 2 ) when seen at a group level and also within specific individual subjects, confirming that this is a fundamental difference in network behavior. PFA 5 paroxysmal fast activity; SSW 5 slow spike and wave.
several ways, including deactivation in the primary cortical areas, variability of the pattern, inconsistency of thalamic activation, and the occasional positive activation in caudate and basal ganglia. Further studies are needed to explore the reliability of these features. The role of the thalamus in LGS has been less clear than in GGE, where there are several animal models of absence seizures and GSW discharges 31, 32 confirming that both the thalamus and primary cortical areas are involved in the typical 3-Hz spike-wave discharges observed on EEG. 32, 33 We found definite thalamic activation in only 4 cases with SSW, suggesting less robust thalamus involvement in the SSW of LGS. Interestingly, inconsistent thalamic involvement (only 55% of cases) in bilateral synchrony has also been reported. 34 Beyond the general findings associated with PFA and SSW in our cohort reported above, we also noted that in some patients, even though the EEG appeared to be generalized, the BOLD signal characteristics of discharges had lateralized features or even suggestions of focality. In all cases, these findings were concordant with the patient's EEG or structural findings. This suggests that cortical lesions can be activated along with this diffuse activation of the association networks (DANA), possibly co-opting it as an epileptic network or at least engaging this system in the epileptic activity in LGS. EEG-fMRI maps may be showing both the DANA and an epileptogenic focus that is likely to drive the network instability. In the patients with LGS who had prior corpus callosotomy, predominately unilateral DANA changes were seen with unilateral PFA discharges. This suggests that the network in each hemisphere is capable of independently recruiting and sustaining this disturbed network activity in LGS (see figure e-2).
"Association cortex" is a relatively nonspecific term that includes much of the brain, and, indeed, PFA appears to diffusely activate most of these nonprimary cortical areas. It is characterized by cortico-cortical connections both directly and via the thalamus, as well as inputs from brainstem. 31 Unlike the thalamic nuclei that receive peripheral sensory information and project to primary sensory cortices, projections to the association cortex from thalamus often originate in other regions of the cortex (e.g., the pulvinar to parietal association cortex and medial dorsal nucleus to frontal areas). This means that the association cortices could act as a network easily capable of engagement and activation by abnormal nonprimary cortex activity. It Lateralized EEG-fMRI findings in a patient who had previous corpus callosotomy
In this subject, there were independent focal left or right discharges, as well as diffuse PFA that had either left, right, or generalized or diffuse EEG lateralization. BOLD signal changes are impressively concordant with the accompanying EEG events. Focal EEG discharges show essentially focal activations whereas hemi-generalized discharges show lateralized diffuse association network activation, and generalized PFA shows essentially the pattern characteristic of the group result shown in figure 2. BOLD 5 blood oxygen level-dependent; PFA 5 paroxysmal fast activity.
should be noted here that the association cortex does not normally act as a single highly connected network as it appears in the PFA discharges-each area is defined by distinct, if overlapping and interacting, subsets of thalamic, cortico-cortical, and subcortical connections. 35 In conclusion, our results show distinctive patterns of BOLD signal changes with PFA and SSW. PFA shows positive activation in all parts of the association system including brainstem, thalamus, and association cortex. The presence of cortical structural pathologies in many of our patients implies an important role for cortex as the site of the primary pathology generating the LGS phenotype, particularly via input to association cortical networks. This includes involvement of the subcortical structures of the association system and this network is likely to be involved in epileptogenesis. DANA reflects pathologic engagement of brain functions that may partly explain the clinical phenotype of LGS. The defining feature of this involvement is that there is diffuse and apparently nonphysiologic simultaneous positive activation of association cortex and related subcortical structures (the "association network") in PFA.
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